Abstract-It has been known for some time that many tumors have a significantly different conductivity and permittivity from surrounding normal tissue. This high "contrast" in tissue electrical properties, occurring between a few kilohertz and several megahertz, may permit differentiating malignant from benign tissues. Here we show the ability of electrical impedance spectroscopy (EIS) to roughly localize and clearly distinguish cancers from normal tissues and benign lesions. Localization of these lesions is confirmed by simultaneous, in register digital breast tomosynthesis (DBT) mammography or 3-D mammograms.
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Images for Breast Cancer Detection: Preliminary Patient Study placed on its surface and the resulting electrode voltages are measured. Because the electrical properties of many breast tumors are different from those of surrounding normal tissue, a fact that has been known for seven decades [2] , imaging these tissue properties may provide useful diagnostic information. Surowiec et al. [3] studied the conductive and dielectric properties of freshly-excised ductal and lobular carcinomas and found them markedly different from adjacent tissue in an in vitro impedance cell. These findings are consistent with those in many other organs, and may be due to the higher water content of tumors, compared to normal tissue [4] . Other studies of excised breast tumors have shown similar results. Swarup et al. [5] studied the dielectric properties of mouse MCA1 fibrosarcoma tumors between 10 and 100 kHz, and found significant differences between the tumor and the surrounding normal tissue. Breast lesions which may appear similar to carcinomas, along with cancers and normal tissues were also studied in vitro by Morimoto et al. [6] . Further delineation of the spectral characteristics of excised breast tissue was provided by Jossinet and Schmitt [1] and by Estrela et al. [7] who measured complex admittivity in a range of frequencies from 0.5 to 1000 kHz. They excised samples of normal tissues (mammary glandular, connective, and adipose tissue), and three pathological groups (general mastopathy, fibroadenoma, and carcinoma). Data were then analyzed by plotting the admittivity spectra and extracting specific parameters from these spectra. These parameters could be combined to yield quantitative, statistically significant discrimination among the tissue groups. In particular, the carcinoma tissues could be uniquely distinguished from other tissues by two or more of the extracted parameters.
Several research groups have reported in vivo breast tumor diagnosis systems based on electrical impedance measurements [8] - [12] . In 1999, the U.S. Food and Drug Administration (FDA) approved an instrument designed in Israel, called T-Scan [13] , for use as an adjunctive diagnostic instrument in cases with ambiguous mammographic findings [14] . Relatively little technical information about the T-Scan system was provided in the FDA report. Limited further technical detail can be found in Assenheimer et al. [13] .
In order to achieve a higher sensitivity and specificity for breast cancer diagnosis, we have built a high performance impedance imaging system and reconstruction algorithms [15] - [22] for the breast specifically for use in conjunction with 0278-0062/$25.00 © 2008 IEEE mammography. This system reconstructs approximations to the conductivity and permittivity inside the breast over a broad frequency band, at high speed, and displays these properties in 3-D. The system has been designed with radiolucent electrodes [23] , permitting simultaneous X-ray and electrical study of breast cancer patients. Regional impedance spectroscopy is acquired simultaneously and in register with digital breast tomosynthesis (DBT) mammography at Massachusetts General Hospital. This paper reports our initial findings that show an ability of electrical impedance tomography (EIT) to localize and distinguish some cancers from normal tissues in vivo. The findings are verified by simultaneous, in register DBT, and by pathology reports of tissue biopsied on the same day.
II. REGISTRATION WITH TOMOSYNTHESIS IMAGES
The EIT system, ACT4 [19] , has 60 electrodes and can produce 3-D volume distributions of conductivity and permittivity images at a 2.5 frame/s rate using frequencies between 5 kHz and 1 MHz, presented as a series of slices. Patterns of voltages are applied to the breast using two parallel planar arrays of radiolucent electrodes [23] that are attached to the compression plates of an X-ray mammography unit [24] , (Fig. 1) . The 59 voltage patterns applied to produce each image are calculated from the eigenvectors of the voltage-to-current map matrix for a homogeneous admittivity field. The maximum applied voltage at any time is V, and a software protection system is used to report overloaded voltage sources. Further, the maximum applied voltage is reduced to V for current patterns of high spatial frequency when the applied voltage is at 100 kHz and above.
To reduce the surface or contact impedance, the skin of the breast was prepared by application of PrepTrode, a commercial spray skin preparation. This fluid, which has a conductivity of about 1500 mS/m, is designed to facilitate application of electrodes to the skin.
III. RECONSTRUCTION ALGORITHMS
The reconstruction problem for EIT is to determine the electrical conductivity, and the electrical permittivity, at a point within the body from measurements of the potential due to an applied electric field, , made at angular frequency on a portion of the surface of the body. The electric field and magnetic field inside a body with conductivity , permittivity , permeability , at angular frequency , satisfy Maxwell's equations (1) Below 1 MHz we use the quasi-static approximations:
and (see Appendix 1) . Therefore, in this case, and where denotes the electrical potential or voltage throughout the interior of the body. Hence, in this approximation, we have that the voltage inside the body, satisfies
. On the body's surface, , one has (2) Here, denotes complex admittivity:
is the measured voltage on the surface, is the outward-pointing direction normal to the body's surface, and denotes the applied current density on the surface.
We model the region of interest within the breast as a rectangular prism, an approximation which is very useful because the potential due to applied current densitities on the top and bottom planes can be explicitly given. We have validated this geometric approximation using saline-tank experiments with a specially constructed breast-shaped tank [25] . The application of currents on the electrodes of the top plane, where , induces a current density distribution at the top plane, denoted by and can be written as
The superscript implies the top plane, and implies the bottom plane. The current density distribution at the bottom plane , where , can be written as
We assume there is no current flowing through the side walls, so we can write four other boundary conditions
where, are the dimensions of our rectangular medium:
. Using the ave-gap electrode model [26] , [27] and a rectangular geometry, we can easily compute the potential, , due to applied current densities on the top and bottom electrode planes.
See [25] for further details and a complete mathematical formulation. We then integrate this potential over the spatial extent of each electrode and divide by the electrode's area to give the measured potential on this electrode. In future work, we plan to use the complete model [26] , which includes effects of the interelectrode gaps, and surface or "contact" impedance.
The inverse problem is to determine the complex admittivity from measurements of the potential on the electrodes resulting from applied current patterns. In fact, due to the difficulty of implementing current sources which are able to properly manage the capacitive load of our radiolucent electrode arrays, we apply voltages and measure both voltages and currents on the electrodes. In the reconstruction, we are able to synthesize the voltages that would have resulted from application of a given set of current patterns. In the solution of the inverse problem, we make use of the canonical set of current patterns [17] for our specified geometry. The applied patterns correspond to the eigenvectors of the Neumann-to-Dirichlet or current-to-voltage map in the homogeneous case.
The following steps are followed to reconstruct an approximation to the complex admittivity, , within the body, at each frequency.
1) Compute an approximation to the best homogeneous complex admittivity, [20] , [22] . 2) Relate the potentials or fields on the surface to the tissue electrical properties and field inside the body by the identity Here, the subscript 0 denotes fields due to the homogeneous admittivity . The superscripts and denote the fields that result from different current densities. 3) Apply the ave-gap electrode model to convert the integrals on the left-hand side of the expression in step (2) to discrete inner products, where the subscript, , denotes the index of each electrode. The right-hand side is linearized to first order using the approximation: where . We then obtain an expression relating currents and voltages on the electrodes to moments of the potential within the medium 4) Measure and compute the "data" matrix 5) Choose a set of basis functions as a mesh, and use the approximation . Compute the coefficient matrix , where . 6) Solve the equation and display on the mesh. Here, the denotes a regularization operator and denotes a regularization parameter [20] , [22] . In reconstructing images from patient data, our main goal has been the development of a practical, useful, real time reconstruction algorithm [22] . To accommodate the additional ill-posedness introduced by the geometry and contact variability in the patient data, we use a reconstruction mesh with nonuniform voxel thickness, having thicker voxels at the center and thinner voxels near the electrode arrays. Fig. 2 shows the simplified geometry and the mesh for this algorithm. In addition, the reconstruction mesh extends beyond the region of interest between the electrode arrays. This margin is used to account for the unknown boundary condition presented by the different sizes and shapes of the breasts studied. These extra mesh elements are not displayed or used for data analysis. The thickness of the breast is divided into seven layers. The top and bottom layers simulate the skin tissue with 2 mm thickness which will not be shown in the displayed images. The thicknesses of the other five layers are arranged in the ratio of 1:2:4:2:1. The reason for this ratio is that the further a voxel is from the electrodes, the less its admittivity affects the data. Each electrode array consists of a 5 6 rectangular array of 10 mm 10 mm electrodes with 1-mm gaps. Therefore, the actual region of the breast in the reconstructed image is 65 54 40 mm, 40 mm being the approximate thickness of the compressed breast.
This algorithm is robust and has been able to produce results that enable us to clearly distinguish malignant from benign lesions and normal tissues in the few patients studied to date. There are 30 electrodes on the top array and 30 opposite electrodes on the bottom array. This allows the maximum number of independent complex (real and imaginary) measurements to equal 1770 (30 59). Thus we can recover at most 1770 independent conductivities and permittivities for each frequency. The region we work with is chosen to be a rectangular solid volume bounded by the planes that contain the arrays but which extends at least one electrode width beyond the actual array. The volume is divided into 1568 rectangular boxes or voxels of varying size within which we reconstruct approximations to the electrical conductivity and permittivity. The choices of region or volume, boundary conditions, number of terms used in approximating the electrical potentials, and the dimensions and positioning of the voxels within the region of interest are critical. The parameters chosen allow us to make useful reconstructions that are as accurate as the ACT4 measurements allow, that have as many degrees-of-freedom as the number of measurements and the conditioning of the inversion problem allows, and that have small artifacts due to currents and fields that extend outside the region of interest.
IV. ANALYSIS OF PATIENT DATA
We report on a group of breast impedance distributions from a normal breast ( [28] ), and breasts with the pathologies of fibroadenoma, and invasive ductal carcinomas. We show an analysis of their EIS plots and describe a parameter that appears to provide a quantitative regional indication of malignancy. (Note: BIRADS is a six-category classification system for mammographic findings. Category 1 denotes Negative which means the mammogram is normal. There is a 5/10 000 chance of cancer being present in such a patient. [29] )
To analyze the data, we produced EIS admittivity loci reconstructed from measurements made at 5 frequencies, (5, 10, 30, 100, 300 kHz), within each voxel. Fig. 4 shows examples of these EIS loci for voxels in the center (layer III) of the regions of interest (refer to Fig. 2) . Each graph plots the susceptivity [angular frequency times the reconstructed permittivity ] on the vertical axis versus the reconstructed conductivities on the horizontal axis at each frequency. In this way each voxel contains a graph representing permittivity versus conductivity as a function of frequency with the same units, millisiemens/meter, on both axes. We noticed that voxels in locations corresponding to malignancies had impedance spectra that seem to approximate straight lines, whereas normal tissue had spectra that looked like arcs of a circle; benign lesions such as fibroadenoma had intermediate shapes. Fig. 4 gives examples of EIS spectra produced by our reconstruction algorithm for four breasts. These curves sometimes resemble portions of the shapes shown by Jossinet [1] in the admittance loci of excised breast tissues reproduced in Fig. 3 .
Reconstructed EIS curves are presented from voxels within the central layer, layer 3 next to the DBT images of approximately the same plane within each breast. The locations of the array are indicated by a black grid, along with the voxels of interest selected for display.
We show four examples of patient DBT data and partial EIT plots in Fig. 4 . A grid showing where the reconstructed voxels are located is superimposed over the tomosynthesis images. The EIS plots of each voxel were analyzed. The plots from two small regions of interest are displayed beside the DBT images, in the figures. The EIS plots of the normal regions, 1-R, 2-R, and the ROI 1 at the top of the 3-L plot, are all shown as arcs with good curvature. The EIS plots of the fibroadenoma region resemble normal tissue. The plots of the invasive ductal carcinoma region, the bottom plots of 3-L and both the plots for 4-L resemble straight lines. Particularly in the plots of 3-L, the plots in the normal region resemble arcs, with significant curvature arcs and the plots in the abnormal region are close to straight lines.
Based on these qualitative observations, we hypothesized that EIS graphs of malignant tissue should be highly correlated with straight lines. We tested this hypothesis by making a gray scale image for each patient of how correlated the EIS curve in each voxel is with a straight line. The measure of correlation is obtained by fitting the EIS curve to a line. This line is then used to predict the values of the susceptivities (vertical coordinates) denoted by the vector that correspond to the conductivities (horizontal coordinates). The reconstructed susceptivities are denoted by the vector as shown in Fig. 5 . This linear correlation measure (LCM) is defined to be (7) where and denote the inner product and norm, respectively.
We plot this measure in gray scale so that a higher correlation with a line produces a brighter displayed voxel. We call the resulting images "LCM images" as shown in Fig. 6 on the same gray scale (0-700) for the voxels in layer 3 for each of the same four patients considered in Fig. 4 . Although there are too few normals, carcinomas, and benign lesions studied to draw any statistical conclusions, it is clear that these LCM images visually distinguish malignant lesions from nonmalignant lesions and normal tissues. They also approximately localize the lesions within the low resolution of our electrode arrays and coarse meshes. These reconstructions and LCM images suggest that in this small set of patients the EIT reconstruction algorithms described above can distinguish between cancerous, normal, and benign tissue. Fig. 7 shows the distributions of the LCM on the same scale for the regions of interest shown in Fig. 4 . ROI 1 refers to the region of interest with the EIS graphs on the top in Fig. 4 while ROI 2 refers to those with the EIS graphs on the bottom. The LCM values in regions identified as malignant are substantially larger. Table I summarizes the pathology reports for the four breasts presented in Figs. 4 and 6 . The cancers are graded [29] on a scale of 1 to 3: Grade 1 (low grade or well differentiated) where the cancer cells still look much like normal cells and are usually The LCM parameter that we have defined has clearly identified the three malignancies in these four patients, and no false negatives were observed. Using similar derived EIS parameters, such as the consistency of slopes between different frequencies and the distances from EIS plots to the predicted line, gives similar results. Further investigation will be needed before we are able to analyze whether the LCM is able to distinguish tumors from benign lesions and normal breast tissue in a statistically significant manner. It is premature to assert which parameter will offer the best quantitative ability to distinguish breast cancer from normal breast tissue.
The mesh used for the reconstruction algorithm in this study is coarse. The complete electrode model or a model of a layered structure to simulate skin and fat might be useful to improve the algorithm, increasing the accuracy of the estimated electrical parameters, and lead to the detection and localization of smaller malignancies.
The study of additional cancer patients conducted with improved hardware, software and algorithms will determine whether EIT can be used to improve the sensitivity and specificity of mammography. We are refining our system and reconstruction algorithm to obtain more EIT data from cancer and normal subjects, and we are investigating other parameters of EIT plots in a systematic and quantitative way in order to assess and compare their performance.
APPENDIX I
The quasi-static approximation to Maxwell's equations is 
